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INTRODUCTION 

With the  commercial a v a ' l a b ' l i t y  o f  m in i -py ro l yze rs  coupled w i t h  
gc/ms in t rumentat ion,  many s tud ies11-7 j  have been conducted on f o s s i l  f u e l s .  
However, t he  s tud ies  conducted t o  date have been l i m i t e d  i n  two impor tan t  
areas. The f i r s t  i s  t he  l a c k  o f  a s u i t a b l e  q u a n t i f i c a t i o n  method t o  desc r ibe  
the  pa t te rns  o f  py ro l ysa tes  formed and the  second i s  the  absence o f  abso lu te  
q u a n t i t a t i v e  y i e l d s  f o r  t he  major degradat ion products. 
have been inc luded i n  t h i s  present  work t o  demonstrate a genera l l y  a p p l i c a b l e  
method f o r  q u a n t i f y i n g  a wide range o f  coa l  p y r o l y s i s  products .  By employing 
r a p i d  p y r o l y s i s ,  t h a t  is,a 20°C pe r  m i l l i s e c  heat-up r a t e  w i t h  a he l i um gas 
sweep, many secondary reac t i ons  a re  avoided. 
Pyro lysates are swept o u t  o f  t he  Pyroprobe h o t  zone q u i c k l y  enough so t h a t  t hey  
s t i l l  r e t a i n  much o f  t h e i r  s t r u c t u r a l  i d e n t i t y .  Ana lys i s  o f  the major  chroma- 
tographable compounds, t he re fo re ,  prov ides some i n f o r m a t i o n  o f  t h e  o r i g i n a l  
coal s t r u c t u r e .  

EXPERIMENTAL 

P ~ / ( G C ) ~ / M S  System 

t o  the convent ional  capi11ar.y chromatographic i n j e c t i o n  p o r t  o f  a Hew le t t -  
Packard 5993 (GC)z/MS/DS system, us ing  g l a s s - l i n e d  metal t ub ing .  A l l t e c h  
50-meter SCOT SE-30 and OV-17 g lass  c a p i l l a r y  columns w i t h  0.5 mm i n t e r n a l  
diameters were i n s t a l l e d  i n - l i n e  w i t h  t h e  p y r o l y s i s  i n t e r f a c e .  
v o l a t i l e  degradat ion products  were c o l d  t rapped on the head o f  t he  SE-30 
c a p i l l a r y  column by ma in ta in ing  t h e  column oven a t  e i t h e r  0" o r  10°C. I n  
stud ies where v o l a t i l e  degradat ion products were analyzed, v o l a t i l e  degradat ion 
product peak widths were minimized by c o n t i n u a l l y  sweeping t h e  5993 i n j e c t i o n  
Por t  w i t h  approx imate ly  16 mls/min back f l ush  he l i um f low,  w h i l e  approx imate ly  
4 mls/min hel ium f l o w  through t h e  OV-17 c a p i l l a r y  column was mainta ined.  In 
a d d i t i o n ,  t he  1.5 mm x 6 cm g lass - l i ned  i n t e r f a c e  l i n e  between t h e  p y r o l y z e r  
and the c a p i l l a r y  column conta ined severa l  hundred m i l l i g r a m s  o f  Porapak Q 
Chromatographic suppor t  t o  improve chromatographic separat ion o f  t h e  most 
v o l a t i l e  degradat ion products. 

mainta ined a t  240OC and 260"C, r e s p e c t i v e l y .  
used. S o l i d  coal  samples were placed i n  3 mm i . d .  qua r t z  tubes and these 
tubes i n s e r t e d  i n  the  p y r o l y s i s  c o i l .  
v o l a t i l e  degradat ion products, coal  samples were p laced on a small  amount 
o f  qua r t z  wool w i t h i n  the quar t z  tube and weighed before and a f t e r  p y r o l y s i s .  
The c o i l  was heated t o  1000°C w i t h  a hea t ing  ramp o f  PO"C/msec and mainta ined 
a t  1000°C f o r  10 sec. 

These two features 

Many of t he  v o l a t i l i z e d  coa l  

A Chemical Data Systems Pyroprobe 100 s o l i d s  p y r o l y z e r  was i n t e r f a c e d  

Less 

The py ro l yze r  i n t e r f a c e  and gas chromatographic i n j e c t i o n  p o r t  were 
A c o i l  t ype  py ro l yze r  was 

For the  q u a n t i t a t i v e  a n a l y s i s  o f  
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Previous repor ted  t h a t  a c o i l  temperature o f  1000°C 

Degradat ion produc ts  f rom the  i n e r t  gas p y r o l y s i s  o f  Coal were 
r e s u l t s  i n  a sample temperature o f  approximately 750°C, when s i m i l a r  cond i t ions  
a r e  used. 
chromatographed u s i n g  e i t h e r  a 6'C/min o r  8"C/min chromatographic oven h e a t i n g  
r a t e  from the  s t a r t i n g ,  subambient temperature, t o  250°C. 

Q u a n t i t a t i v e  y i e l d s  o f  v o l a t i l e  degradat ion  products were determined by 
u s i n g  a 0 .5  m l  gas sampl ing loop i n - l i n e  w i t h  t h e  py ro l yze r .  
mass responses were determined d a i l y  by i n j e c t i n g  known volumes o f  CO2, CO, CH4, 
C2H6, C3H8, and C4H10 q u a n t i t a t i v e  gas standards, which were supp l ied  by 
Matheson. 

C h a r a c t e r i s t i c  

Mass spec t ra l  da ta  were s to red  f o r  l a t e r  a n a l y s i s  and i n t e r p r e t a t i o n  
The mass spec t ro -  u s i n g  the standard Hewlet t -Packard data a c q u i s i t i o n  system. 

meter data system was scanned from 35-450 amu f o r  t h e  a n a l y s i s  o f  l e s s  
v o l a t i l e  degradat ion  products.  
was obtained by scanning t h e  ins t rument  f rom 10-450 amu. 
m e t r i c  o p e r a t i n g  c o n d i t i o n s  r e s u l t e d  i n  complete 70 eV mass spec t ra  being 
obtained e v e r y  2 seconds. 

No. 6 and Rawhide c o a l s  were ground t o  -80 U.S. mesh and d r i e d  a t  100°C under 
vacuum, No f u r t h e r  p r e p a r a t i o n  was performed. The composi t ional  a n a l y s i s  o f  
these two coa ls  have been repo r ted lo .  

I n f o r m a t i o n  on v o l a t i l e  degradat ion  products 
Typ ica l  mass spec t ro -  

N i t rogen compounds were no t  analyzed i n  t h i s  study. The I l l i n o i s  

RESULTS AND DISCUSSION 

Tab le  I g i v e s  a summary o f  a l l  p y r o l y s i s  products i d e n t i f i e d .  
l a r g e  number o f  isomers was observed f o r  many methyl - s u b s t i t u t e d  degradat ion 
products.  Since mass spectra o f  var ious  isomers a r e  g e n e r a l l y  very  s i m i l a r ,  
no a t tempt  was made t o  i d e n t i f y  s p e c i f i c  isomers u s i n g  t h e  r e t e n t i o n  times 
of known isomers, except  f o r  t h e  methyl and dimethyl  phenols. I n  a d d i t i o n ,  
compounds which a r e  i d e n t i f i e d  t o  c o n t a i n  severa l  methyl groups c o u l d  a l so  
be e t h y l  o r  p ropy l  s u b s t i t u t e d .  Therefore,  a l l  a1 k y l - s u b s t i t u t e d  degradat ion 
products a r e  1 i s t e d  as  isomers under the  corresponding methylated compounds. 

coa l  p y r o l y s i s  p roduc ts  c o n s i s t s  o f  severa l  reg ions  where several  degradat ion 
products a r e  n o t  comple te ly  reso lved chromatographical ly,  even though c a p i l l a r y  
chromatographic s e p a r a t i o n  o f  the  degradat ion  produc ts  i s  used. 
problem can be minimized i f  r a t h e r  than t h e  t o t a l  i o n  chromatogram, se lec ted  
i o n  chromatograms a r e  used f o r  q u a n t i t a t i o n .  
approach i n  t h e  q u a n t i f i c a t i o n  o f  phenols can be seen i n  Figures 2 and 3. 
F i g u r e  2 shows the  t o t a l  i o n  chromatogram, along w i t h  molecular i o n  chromato- 
grams fo r  phenol and methyl  phenol isomers produced i n  t h e  degradat ion o f  
I l l i n o i s  No. 6 coa l .  As can be seen from the  comparisons o f  these molecu la r  
i o n  chromatograms wi th  the  t o t a l  i o n  chromatogram, o n l y  phenol and methyl 
phenols g i v e  peaks a t  t he  r e s p e c t i v e  r e t e n t i o n  t imes i n  t h e  i o n  chromatograms, 
w h i l e  the t o t a l  i o n  chromatogram y i e l d s  a l a r g e  number o f  over lapp ing  peaks 
- = ~ u u = =  U I  L ~ Z F  6 v i . r  ;appii iy e i u i i u n  o f  var ious  aegraaar ion proaucts.  
shows an i s o m e t r i c  d i s p l a y  o f  mass spec t ra l  data f o r  masses 90-110 a t  the  
same r e t e n t i o n  reg ion  shown i n  F igure  2. 
seen t o  be c h a r a c t e r i s t i c  o f  phenol, masses 105 and 106 o f  t r imethylbenzenes 
and masses 107-109 o f  methylpl icnols.  

A 

A s  can be seen from F igure  1, t h e  t o t a l  i o n  chromatogram o f  t he  

However, t h i s  

An example o f  the  use o f  t h i s  

h-r _..-- -I L L -  Figure  j 

Response o f  masses 94 and 95 a re  
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Table I i s  a summary o f  the py ro l ysa tes  from each c o a l .  The 
i d e n t i f i c a t i o n  o f  the c h a r a c t e r i s t i c  mass i ons  used f o r  q u a n t i f i c a t i o n  of 
each compound, the  c h a r a c t e r i s t i c  i o n  percent  o f  t o t a l  i o n i z a t i o n ,  and the 
c h a r a c t e r i s t i c  i o n  areas, normal ized t o  naphthalene i n  the PY/(GC)~/MS ana lys i s ,  
a r e  l i s t e d  f o r  I l l i n o i s  No. 6 and Rawhide coal  degradat ion products. The 
values t h a t  are g iven f o r  normal ized c h a r a c t e r i s t i c  i o n  areas a r e  an average 
of two Py/(GC)z/MS analyses f o r  each coal  sample t ype  and the range of values 
fo r  each compound i n  each p y r o l y s i s  can be obta ined from the var iance o f  each 
compound l i s t e d  i n  the  t a b l e .  

seen i n  the  q u a n t i t a t i v e  comparison o f  coal  degradat ion products .  
r e p r o d u c i b i l i t y ,  as measured from the  var iance o f  each degradat ion product  
i s  obta ined f o r  t he  q u a n t i t i e s  o f  a l l  degradat ion products measured us ing  
t h i s  technique. For py ro l ysa tes  i n  t h i s  v o l a t i l i t y  range, the q u a n t i t a t i v e  
d i f ferences observed between t h e  I l l i n o i s  No. 6 and Rawhide coa ls  a re  due 
sJ1ely t o  s u l f u r - c o n t a i n i n g  h e t e r o c y c l i c  compounds. 
degradat ion products a r e  q u a n t i t a t i v e l y  s i m i l a r  f o r  t he  two coa ls .  The one 
c lass  of compounds which shows the  l a r g e s t  v a r i a b l i l i t y  i n  the q u a n t i t a t i v e  
determinat ions o f  d u p l i c a t e  analyses a re  the  phenols. 
t o  t h e  f a c t  t h a t  these a c i d i c  compounds a r e  d i f f i c u l t  t o  chromatograph. 
While most o t h e r  degradat ion product  c h a r a c t e r i s t i c  i o n  areas vary by 10-15 
percent, t he  phenols t y p i c a l l y  vary  by as much as 30 percent .  

H i g h - V o l a t i l i t y  Degradation Products 

Since a d e t a i l e d  q u a n t i t a t i v e  and q u a l i t a t i v e  comparison o f  t he  
r e l a t i v e l y  n o n v o l a t i l e  degradat ion products ,  descr ibed above, g i ves  use fu l  
i n fo rma t ion  f o r  the c h a r a c t e r i z a t i o n  o f  these coals ,  t h e  same approach was 
taken t o  evaluate the  d i f f e r e n c e s  i n  the  more v o l a t i l e  py ro l ysa tes  produced 
i n  the  i n e r t  gas degradat ion o f  them. 
t o t a l  i o n  chromatograms f o r  masses 10-450, produced from the  Py/(GC)z/MS 
ana lys i s  o f  these coa ls .  As i n  F igures 1 and 2, t h e  numbers l i s t e d  above 
each peak r e f e r  t o  peak numbers i n  Table I and 11. I somet r i c  d i s p l a y s  o f  
masses 10-46 f o r  I l l i n o i s  No. 6 and Rawhide coal  degradat ion products  a re  
g iven i n  F igures 5 and 6. These d i s p l a y s  show t h a t  methane, carbon monoxide, 
and carbon d i o x i d e  a r e  the  degradat ion products  respons ib le  f o r  t h e  major  
i o n i z a t i o n  i n  t h i s  mass range. Also, these f i g u r e s  show t h a t  t h e  y i e l d s  
o f  carbon monoxide and carbon d i o x i d e  r e l a t i v e  t o  methane are l a r g e r  i n  
Rawhide coal  than i n  I l l i n o i s  No. 6. The r e l a t i v e l y  l a r g e r  mass 12 shown 
i n  F igure 6 i s  due t o  Ct from carbon d i o x i d e  and i s ,  t he re fo re ,  a l so  
r e l a t i v e l y  l a r g e r  i n  t h e  mass spect ra produced f rom Rawhide coa l  degradat ion 
products due t o  the  increased y i e l d  o f  t h i s  degradat ion product .  

The shoulders on the mass 28 peaks i n  F igures 5 and 6 show t h a t  t he  
normalized area l i s t e d  f o r  mass 28 as the  c h a r a c t e r i s t i c  i o n  f o r  carbon 
monoxide i s  from more than one compound. 
25-30 shown i n  these f i gu res  demonstrate t h a t  i n  a d d i t i o n  t o  carbon monoxide, 
ethane and ethy lene a r e  a l s o  impor tan t  degradat ion products  which can produce 
mass 28. 
t h a t  l i s t e d  f o r  carbon monoxide i s  probably  due i lp p a r t  t o  carbon monoxide 
w i t h  some c o n t r i b u t i o n  from ethane and ethy lene.  

Q u a l i t a t i v e  d i f f e r e n c e s  emphasized by arrows i n  F igu re  1 a r e  a l s o  
Good 

The nonsu l fu r - con ta in ing  

Th is  i s  l i k e l y  due 

F igure 4 shows the  comparison o f  

The i o n  chromatograms o f  masses 

Therefore, u n l i k e  o the r  c h a r a c t e r i s t i c  i o n  areas l i s t e d  i n  Table 11, 
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To emphasize other degradation products, methane, carbon monoxide, and 
carbon dioxide degradation products have been excluded from Figure 7 by s ta r t ing  
the mass summation range a t  mass 46. I n  addition t o  these three major 
degradation products, the broad elution of water, which i s  identified by an 
as te r i sk  in Figure 3, i s  also eliminated i n  Figure 7.  The peaks labeled with 
arrows in Figure 7 are sulfur-containing degradation products and a r e  major 
pyrolysates which d i f f e ren t i a t e  these two coals (Table 11) .  

Quantitative Yields of Degradation Products 

i s t i c  ion areas,  a l so  reported in Tables I and I 1  a r e  the percent of to ta l  
ionization which these charac te r i s t ic  masses represent i n  the to ta l  mass 
spectrum of each compound quantified.  
sections of most compounds with masses greater than 70 amu i s  constant, the 
absolute naphthalene y ie ld  given i n  Table IV and the compound class y ie ld ,  
re la t ive  t o  naphthalene, given in Table 111, can be used t o  estimate the 
quantitative y ie lds  o f  a l l  minor degradation products summarized in Table 111. 
I f  the to ta l  r e l a t ive  charac te r i s t ic  ion y ie lds  i n  Table I11 are normalized 
t o  the absolute naphthalene y ie ld  of approximately 1 ug/mg of coal, then the 
sum of a l l  compound classes,  i n  pg/mg of coal would be 27 .5  and 25.8 for  I l l i no i s  
No. 6 and Rawhide, respectively. If these yields a re  added t o  the major 
degradation products l i s t ed  in Table IV, a to ta l  of 66.5 and 91.3 ug/mg coal 
a re  measured using this analysis technique. Both I l l i no i s  No. 6 and  Rawhide 
coals loose approximately 50 percent of t he i r  to ta l  weight i n  the 750°C 
pyrolysis. 
approximately 13 and 18 percent i s  accounted for  i n  the  chromatographable 
degradation products. 
the pyrolysates of the two coals appear t o  resu l t  in the formation of large 
amounts of thiophenes and benzothiophenes. 

a re  similar fo r  these d i f fe ren t  ranked coals.  The s t r ik ing  s imi l a r i t i e s  of 
the isomer d is t r ibu t ions  for the methylthiophenes, dimethylbenzenes, dimethyl 
thiophenes, methyl phenols, dimethyl phenols, methyl naphtha1 enes, trimethyl 
benzenes, dimethyl naphthalenes and methyl dibenzofurans, produced from both  
coals indicate tha t  the organic structures producing these degradation 
products in the two coals are very similar.  

the organic s t ruc ture  of coal i s  reflected in the complete absence of sub- 
s t i t u t ed  furans. 
from e i ther  the eastern or western coals which were alkylated furans. 
about one-half of the sulfur-containing organic degradation products a re  the 
sulfur-containing analogue of furan, i . e . ,  alkylated thiophenes. 
i s  possible tha t  the alkylated phenol degradation products could be a resu l t  
of furan degradation, the complete absence of alkyl furans may imply tha t  
v # - a J  YL_I ILVI  u ~ ~ ~ t  J t i - u i i u r r b  a l e  i i~e  imporcarit nererocyci i c  oxygen-containing 
structures present in the primary coal structure.  

I n  addition t o  the normalized y ie lds  of products based upon character- 

Since 70 eV electron ionization cross 

' 

Therefore, of the weight l o s t  by these two coal samples, 

The data in Table 111 shows t h a t  major differences in 

All other degradation products, with the  exception of the carbon oxides 

.One additional important conclusion which may be drawn concerning 

No oxygen heterocyclic degradation products were observed 
However, 

While i t  

rrnl , ,  I.-..-.-= ..,--- 
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To measure absolute yields for  the major vo la t i l e  degradation 
products l i s t ed  in Table 11, a calibrated gas standard was used t o  ca l ib ra t e  
the (GC)z/MS analysis system. 
range were pyrolyzed a n d  the charac te r i s t ic  ion areas produced from the 
analysis of the pyrolysates were compared t o  t h i s  quantitative gas standard. 
Approximately 50 percent of the coal sample weight was lo s t  when heated under 
the conditions l i s t ed  above. Table IV gives the absolute yields of methane, 
carbon monoxide, carbon dioxide, ethane, carbonyl su l f ide ,  and naphthalene 
determined in th i s  manner. 

As can be seen from Table IV, a major difference observed in the 

Weighed quantit ies of coals in the low milligram 

major degradation products of t h  se t w  coals i s  in the carbon dioxide y ie lds .  
From studies reported by Schaferfll.129 on the pyrolytic y ie lds  of carbon 
dioxide produced from brown coals a t  various degradation temperatures, 
complete decarboxylation of the coals yielding carbon dioxide was observed 
a t  temperatures greater t h a n  700°C. 
monoxide, which i s  a l so  produced with d i f fe ren t  yields from these two coals,  
i s  due t o  phenolic groups present in the coal. 
from the absolute quantit ies of the major degradation products shown i n  Table IV, 
i t  can be seen tha t  n o t  only does Rawhide contain approximately 3 times more 
carboxylic acid groups t h a n  I l l i no i s  KO. 6 ,  b u t  also t n  Rawhide coal,  
these groups comprise approximately 3.7 percent by weight, of the to ta l  coal 
sample. 

I n  addition, he deduced t h a t  carbon 

If t h i s  i s  the case then 
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Table I .  Charoc te r i a t i c  Ion Areas Uearured for the UnJor Inert  Cre Degredetlon Product* vl th  V O l o t J l I t l e s  
Less Ihan or Lgwl t o  Toluene Obtslned from t h e  Py/(CC)'/NS Annalysls o f  IIIlnols No. 6 and 

Rawhide Untreated Coals. --_ - - 
Rete" t1on pe rcen t  

Peak T h e  C h a r a c t e r i s t i c  Uasses of Tota l  
Number ( w n )  De8radat lon Product Used for Q u s n t i t a t i o n  I o n i z a t i o n  I l l i n o i s  No. 6 Rauhlde - 

1 

2 
3 

4 
5 
6 

7 

8 

9 
1 0  
11 

12  

1 3  

14  

I 5  
1 6  

17  

18 

19  

20 

21 

22 
23 

24 

25 
26 

21 

28 

29 

30 
31 
12 
31 
34 

35 
36 
31 
38 

7.8 

7.9 
8 . 2  

11.1 
11.9 
12.5 

12.4 

15.0 

11.8 
12.1 
12 .3  

15 .1  

16.1 

16.3 

16.5 
16.9 

17.4 

18.3 

18.4 

19 .1  

19.2 

18.3 
in.8 

19.6 

21.1 
21.4 

22.4 

23.5 

24.5 

14.L 
14.7 
14.9 
15.2 
15.8 

22.8 
23.2 
23.5 
23.1 

Toluene 

Methyl Thiophenes 
lsnmer PI 
Isomer 12 

- 

-- Dimethyl Benrenea 
Isomer I1 
Isomer 12 
Isomer I 3  

91  - 93  
97 - 99 

91-92. 105-106 

s t y r e n e  77-79. 102-105 

Phenol 65-66. 94-95 

Dl re thy l  Thiophenes 111 - 113 
1eoaer 11 
Isomer 12 
1so-r 13 

Benzofuran and methyl s ty rene  89-90. 111-119 

lndane 115-119 

1nde"E 115-117 

l le thyl  Phenols  77-81, 107-109 
1sorner I1 
Isomer 12 

Hethyl  benzofuran 102-101. 131-133 

Uethyl Indene  115. 127-131 

Oihydronaph tha l ene  115. 127-131 

Naphthalene 126-129 

Benro thiophene 134-136 

Dimethyl phenols  107-108. 121-123 
Isomer 11 
Isomer 12 

O l m t h y l  benzofuran 165-141 

Merhyl Naphrhalene 115. 139-143 
1somr I1 
Isomer I 2  

Acenaphthene or. biphenyl  151-155 

Acenaphthalene or biphenylene 150-153 

Dlbenrofuran 139. 168-170 

Tr Ine thy l  benzenes 105-106. 120 
1svmer I1 
Isomer I 2  
Isomer 13 
Isomer 14  
Isomer 15 

Dimethyl naph tha lenes  141. X5-157 
Isomer  # I  
Isomer 12 and 3 
lsorer 14 
Isomer 15 

- 

60.5 

66.1 

55.3 
55.7 

61.5 

54.7 

39.0 

50.5 

65.5 

58.6 
h7.5 

45.h 

57.9 

56.1 

62.0 

53.9 

51.5 
50.0 

71.1 
67.3 

62.6 

68.6 

69.8 

61.9 

2.91 -f 0.48 

0.341 f 0 .039 .  
0.209 f 0.016 

0.193 f (1.020 
1.063 f 0.16 
0.396 f 0.062 

0.667 f 0.023 

1.139 f 0 .295 

0.109 f 0.016 
0.130 t 0.008 
0.085 t 0.001 

0.562 f 0.068 

0.061 f 0.012 

0.767 f 0.115 

0.673 t 0.26 
2.336 f 0.7h 

0.374 f 0 .Oi l  

0.345 t 0.121 

0.455 f 0.140 

1.000 

0.717 f 0.304 
0.641 t 0.266 

0.120 t 0.021 

0.768 f 0.030 
0.522 f 0.039 

0.140 f 0.006 

0.413 t 0.010 

0.151 f 0.002 

0.171 f 0.011 
0,082 f 0.006 
0.044 f 0.002 
0.255 3 0.031 
0,088 f 0.012 

0.167 f 0.021 
0.312 * 0.068 
0.177 f 0.010 
0.062 t 0.012 

3.16 f 0.53 

0.062 ' 0.015 
0.035 f 0.008 

0.259 0.029 
1.175 * 0,228 
0.486 f 0.096 

0.718 t 0 . m  
1.87 f 0.65 

0.012 f 0.001 
0.017 f 0.007 
0.011 f 0.005 

0.707 i 0.117 

0.052 f 0.009 

0.606 t 0.106 

0.642 t 0.333 
1.923 d 0.959 

0.301 f 0.047 

0.299 * 0.121 

0.425 f 0.144 

1.000 

0.057 ? 0.012 

0.390 f 0.236 
0.434 f 0.242 

0.148 2 0.054 

0.651 t 0.013 
0.512 f 0.036 

0.117 t 0.007 

0.296 f 0.031 

0.191 ! 0.012 

0.236 f 0.023 
0.077 f 0.019 
0.064 t 0.006 
0.251 f 0.053 
0.188 f 0.028 

0.116 10 .003  
0.345 9 0.024 
0.119 f 0.007 
0.066 f 0.006 

Continued 
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Table 1. Continued 

-- .. 
kc ,  r n  t i 0" p e r c e n t  

renk T I w  Gwreeterlstie Hnssea o f  T o t a l  
NUOIWI ( r l l n )  Oe$yadat lon Product Used for Q w n t i f n t i o n  I o n i z e t i o n  l l l i n a l a  No. 6 Rnuhlde 

~- __ . -  

39 
40 

4 1  

42 

4 3  

44 

45  

46 

47 

48  

49 

5 0  

5 1  

52 

5 3  

54 
55 
56 
5 7  
58 

59 
60  
61 
62 
6 3  
64  

65  

66 
6 7  

26.0 
26.3 

28.2 

28.3 

25.5 

9.7 

10.0 

12.8 

13.2 

15.4 

15.7 

17.5 

17.7 

19.5 

19.7 

20.8 
21.0 
21.1 
21.2 
21.4 

22.6 
22.7 
22.8 
22.9 
23.1 
23.2 

27.8 

14.9 
15.6 

Hethyl d lbenrofurans  
Isomer 11 
1soner 12 

Phenanthrene 

An th raeene 

Fluorene  

C -a lkene 

C -a lkane 

C -a lkene 

C -alkane 

C -a lkene 

C -a lkane 

C - a lkene  

C -a lkane 

C -a lkene 

C -a lkane 

10 

1 0  

11 

11 

1 2  

12  

Hcthyl  benrotl,iopl,e"es 
Isomer 11 
Isomer I 2  
Isomer 13 
Isomer 14 
1somr 1s 

Dimethyl benrothlophenes  
Isomer *I 
Isomer 12 
Isomer 13 
Isomer 14 
Isomer I S  
I9omer 16 

Oibenrothiopliene 

Tr ime thy l  thiophenes 
Isomer 11 
Isomer 12  

181-184 

176-179 

176-179 

163-167 

41-43. 55-57 

41-43. 55-57 

41-43. 55-57 

41-43. 55-51 

41-43. 55-57 

41-43. 55-57 

41-43, 55-57 

41-43. 55-57 

41-43. 55-57 

41-43. 55-57 

147-148 

161-163 

184-186 

111. 125-126 

53.9 
63.5 

65.6 

68.6 

78.9 

73.1 

55.7 

48.8 

41.7 
55.5 

58.0 

60.3 

0.092 f 0.005 
1.203 f 0.006 

0.397 t 0.043 

0.141 0.014 

0.344 f 0.006 

0.105 

0.099 

0.091 f 0.006 

0.088 f 0.011 

0.088 f 0.0010 

0.073 f 0.015 

0.075 i 0.002 

0.068 t 0.004 

0.056 t 0.002 

0.094 t 0.033 

0.060 i 0.001 
0.125 t 0.007 
0.094 t 0.020 
0 ,100  f 0.004 
0.017 f 0.006 

0.061 0.009 
0.024 i 0.00s 
0.100 f 0.007 
0.050 f 0.001 
0.039 f 0.005 
0.022 f 0.003 

0.091 t 0.003 

0.094 f 0.037 
0.034 t 0.012 

0.083 i 0.001 
0.131 2 0.003 

0.258 t 0.051 

0.087 i 0.017 

0.286 t 0.017 

0.229 t 0.064 

0.128 t 0.007 

0.214 2 0.065 

0.127 i 0.009 

0.235 t 0.070 

0.119 f 0.004 

0.187 f 0.042 

0.116 f 0.000 

0.152 t 0.033 

0.106 f 0.005 

0.010 f 0.004 
0.018 t 0.007 
0.018 i 0.005 
0.016 t 0.005 
0.003 

0.0038 
0.0164 
0.0066 
0.0027 
0.0044 
0.0091 
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Table 2. C h a r a c t e r i s t i c  I o n   area^ Measured f o r  the  Hajor Inert Cas Degradat ion  Producta w i t h  Volatilities 
Grea ter .  than  Toluene Obta ined  from the'PyI(CC)21HE Analysis of I l l i n o i s  No. h ,  and Rawhide 
Urreated Coal.. 

-__ 
P.rrention percent 

Peak Tine a t  c h a r a c t e r i s t i c  nasaes of T O C ~ ~  
Number Olln)  Degradat ion  P r o d u c t  Used f o r  q u a n t i r a t i o n  Ioniratlon I l l i n o i B  No. 6 Rnwh 1 d e  

__ __ 
68 

69 

10 

7 1  

72 

7 3  

74 

15 

1 6  

1 7  

78  

19 
80 

81 

82  

83 

84  

85 

4.9 

4.9 

5.1 

5.0 

5 . 2  

5.7 

6 . 0  

5.2 

5 . 2  

8.9 
9 . 1  

9 .3  

12 .5  

1 3 . 6  

9 .3  

14.5 

Hethanc 15-16 

Carbon llonoxide 2 8  

Carbon Dioxide 44  

Ethylene  

Ethane 

Propene 

Propane 

Butene 

No Unique Passes 

30 

42  

No Unique Masses 

55-56 

Butndiene 53-54 

COS 6 0  

H2S 34 

Hethyl bu tad ienes  67-68 
Isomer I1 
Isomer 12 

Cyclopentediene  65-66 

Cyclohexadienc (2 isome;.) 77-80 

Benzene 77-79 

c s 2  

Thiophene 

76.32 

45.58.84 

81.1 

.90.0 

60.2 

*13.5 

*19.7 

*20.0 

'39.1 

44.5 

*51.8 

*34.7 

*57.4 

*73.9 

t 6 3 . 6  

t78.7 

60.5 

38.8 t 1.6 

25.2 f 744 

7.75 t 1.06 

0.78 t 0.05 

0.99 f 0.00 

0.60 f 0.02 

0.55 f 0.08  

0 .46  t 0.06 

0.56 f 0.20 

0.11 
0.19 0.03 

0.66 t 0.04 

0.45 t 0.05 

2.34 f 0.01 

0.38 f 0.08 

0.32 f 0.02 

48.5 t 14.8  

63.2 f 12.0 

32.1 t 9.1 

0.60 f 0.13 

1.03 f 0.01 

0.58 f 0.04 

0.56 t 0.08 

0.09 f 0.01  

0 .051  
0.10 t 0.02 

0.61 t 0.04 

0.34 t 0.01 

2.62 t 0.08 

-- 
__ 

* Percent of T o t a l  I o n i r a t i o n  o b t a i n e d  from Reference 21. 

** Coal pyr'01y*i9 OCEUrs et  2.0 minutes. 
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Table 3. Cornpariaon of c l a s s e s  of p y r o l y s a t e s  l i s t e d  i n  T a b l e s  1 and 2 
in the  inert gea degrada t ion  o f  u n t r e a t e d  c o a l s .  

Compound e l s s a  

a l k y l  benzenes* 

polynuclear  armaCLc hydrocarbons 

banrofurana*  

phenols  

th iophenes  

benzoth iophsncs  

s1lierne3 (C8-cl2) 

a l k a n e s  (C8-CI2) 

a l k a n e s  (C3-C6) 

Characteristic Ion  
Yie lds  ( R e l a t i v e  to Naphthalene1 

I l l i n o i s  No. 6 

8.21 9.23 

6.13 5.26 

0.95 0.85 

5.51 5.26 

1.32 0.16 

1.01 0.17 

0.42 0.60 
0.42 1.02 

3.s5 3.30 

*Exclus ive  of benzofuran  and methyl s t y r e n e  

Table 4 .  Q u a n t a t s t i v a  y i e l d  of major v o l a t i l s  d e g r a d a t i o n  producta  fomed 
in the i n e r t  gas  d e g r n d a r i m  of u n t r e a t e d  c o a l s .  

r q r a d a t i o n  Product  

Hethane 

Carbon ELOnoxide 

Carbon Dioxins 

Ethane 

Carbonyl S u l f i d e  

Naphthalene 

Yie ld  (miero~ram/mi l l ig ram)  
I l l i n o i s  No. 6 Rawhide 

11.9 t 0.3 10.6 t 1.0 

8.0 f 0.7 14.6 t 3.1 

12.4 t 1.5 36.6 t 4.6 

4.2 t 0.2 2.4 f Q.5 

2.5 t 0.2 0.3 f 0.0 

1.2 2 0.0 0.9 5 0.4 
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Time .min 
Figure 1. Campnpsrlson of pyrolysates from untreated coals. 

visual dlfferencea between the  t w o  samples. 
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Flgure 1. (contlnucd) 
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Moss 108 

Moss 94 

Mosses 35-450 

Methyl Phenols L * h  

Phenol \ 
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110 

. d-h-"d 90 
3 W a Y O  .IW@ 4116 410 430 440 450 4 6 0  470 480 SCAN 

Plgura 3. Inonclric d1apl.y of ~a~.l l ie# 90-110 i n  the rerentlon tine region of phenol and methyl phenol. 
produced I n  the inerr gam degradation of I l l l n o l a  NO. 6 ~ 0 . 1 .  
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Morser lO-45(  

Masses 10-451 

-70 
I l l ino is  No.6 

I 

83 "/h--rr--- 
1-70 

Rawhide 

83 *$----- 
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4 6 8 IO I2 14 16 18 20 22 : 
Time. rnin 

Figure 4. Comparison of Hasscs 10-150 total ion chromatograms of  volatile pyrolysates 
from untreated coals. 

\\ Y \ =  e- / 

I W  IYW zie 220 230 240 250 260 270 zae SCRN 

Figure 5. Isometric display of Hasies 10-46 in the retention r ime  region of vololilc pyrolynares 
produced In the Inert g m  degradat ion of Illinois No, 6 coal. 
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Mosses 46-45C 

MOSS88 46-490 

Illinois No. 6 

;; 82 

I 

Rawhide -2 I 

9 h 5 

Time, min 
Figure 7 .  Comparison of Massea 4 6 - 0 0  total Ion chrooato8r.m of untreated coals. 

A r r o w  Indicate # l g n l T i ~ m c  *isual dlfferencce betwen rhe two ample. .  
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